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Abstract In light of an increasing awareness of environmental challenges, extensive
research is underway to develop new light-weight materials. A problem arising with
these materials is their increased response to vibration. This can be solved using a
new composite material that contains embedded hollow spheres that are partially
filled with particles. Progress on the adaptation of molecular dynamics towards a
particle-based numerical simulation of this material is reported. This includes the
treatment of specific boundary conditions and the adaption of the force computation.
First results are presented that showcase the damping properties of such particle-
filled spheres in a bouncing experiment.

1 Motivation

The quality of industrial machines suffers because of vibration due to their oper-
ation. To improve the quality of such products, it is important to find possibilities
to suppress this unwanted side-effect. Adding massive material to the assembly is
the classical way to achieve this. However, to reduce manufacturing costs and the
impact on the environment (for instance, to save energy), itis also desirable to con-
struct machines that are as lightweight as possible. Therefore, an extensive effort
in research of lightweight materials is underway. The Fraunhofer Institute of Ad-
vanced Manufacturing Technology and Materials (IFAM) in Dresden studies and
manufactures structures constructed from hollow spheres.These structures can be
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Fig. 1 Hollow sphere structures
c©Fraunhofer IFAM-Dresden

Fig. 2 Schematic cross-section

used, e.g., in a sandwich configuration within the casings ofmachines, cf. Fig. 1.
To combine lightweight materials with vibration damping, research is now being

focused on particle-filled hollow sphere structures, cf. Fig. 2. The inclusion of a ce-
ramic powder inside the hollow spheres leads to a high damping [6]. Such a material
possesses several properties that make its application very attractive. For instance,
because of the metallic nature of these spheres, they are resistant to solvents and
because of their small size, as an ensemble they can easily beadapted to a broad
variety of shapes. To couple the spheres, different techniques can be employed, for
instance, using glue, solder or embedding them into a matrix.

As a measure for the damping, the time between two bounces of asingle sphere
is used. The IFAM has an experimental test setup for this purpose that records the
sound of the collisions with a fundament. Obtaining a numerical simulation to study
the damping influence of the particles in this bouncing experiment is the goal of this
work. This would allow parameter studies, for example with respect to the optimal
size or number of particles within the sphere. First simulations were conducted by
Blase [1] for the two-dimensional case. Holfeld used a collision detection approach,
such that the system temporally evolved from collision to collision between the hull
of the hollow sphere and a particle or between two particles.As the number of parti-
cles increases, this detection scheme breaks down due to thenumerical effort. It has
to be noted that within a single sphere, up to 2·105 particles have to be considered.
Therefore, the high complexity of this approach requires a different method when
expanding the simulation to the three-dimensional case. This alternative approach
should thus be based on a time integration method.
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2 Molecular Dynamics

For the simulation of the dynamic behavior of the filled spheres, the tracking of
the translational and rotational movement of all enclosed particles is required. To
achieve this, a variety of methods is available. One of them is molecular dynam-
ics (MD), which typically considers the trajectories of molecules on the nanoscopic
scale. MD simulations are able to track trillions of molecules [2]. Based on a pro-
gram that is available at the University of Paderborn and wasoriginally developed
by Mader [7], an adaption to the present case is underway.

To compute the translational propagation of a particlei, the Newtonian equation
of motion has to be considered

ẍi = m−1
i Fi ,

wherexi is the position of particle in space, andFi andmi denote the force act-
ing on the particle and its mass, respectively. Rewriting this second order ordinary
differential equation (ODE) as a system of first order ODEs leads to

v̇i = ai = m−1
i Fi , ẋi = vi .

Here,vi is the velocity andai the acceleration of the particlei. Using a Taylor
expansion, these equations can be numerically solved over time using an explicit
Leapfrog scheme [4]
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Note that the solutions for the velocities and positions of the particles are obtained
alternatingly at each half time-step, giving the Leapfrog scheme its name.

Analogously to the translational movement, for the rotational movement of a par-
ticle i, the orientation in space, the angular velocity and the orientationθθθ i in space
are needed. The angular velocityωωω i is defined in terms of the angular momentumj i

and the moment of inertia tensorIi

ωωω i = θ̇θθ i = I−1
i j i . (3)

The torqueτττ i is the rate of change of the angular momentum

τττ i =
dj i

dt
. (4)

Subsequently, Taylor expansions of (3) and (4) can be integrated to obtain the de-
sired physical properties. For the orientationqi in space, Fincham’s explicit rota-
tional quaternion algorithm [3] was used that reduces the complexity of this calcu-
lation by saving one vector product evaluation. For the mainpart of the algorithm,
Fincham proposed a quaternion representation matrixQ(qi) and a modified angular
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Fig. 3 Lennard-Jones potential
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Fig. 4 Exponential barrier potential

velocitywi to obtain the spatial orientation. The change of the orientation over time
is

dqi

dt
= Q(qi)wi .

On that basis,qi can be obtained with a Taylor expansion. Overall, the main equa-
tions of the rotational leapfrog scheme are
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Combined with Eqs. (1) and (2), this then gives a full representation of the transla-
tional and rotational movement of a particle over time.

The forces and torques acting on the particles in are based ona pair-potentialU
which describes the force that one particle exerts on another particle as a function
of their mutual distance. The force is given by the derivative of the potential with
respect to their distanceri j

Fi j =− dU
dr i j

.

A popular interaction potential used in MD is the Lennard-Jones 12-6 potential

U(ri j) = 4ε

((
σ
ri j

)12

−
(

σ
ri j

)6
)

, (5)

whereσ denotes the size parameter of the considered particle andε is the depth of
the potential well (cf. Fig. 3).

During simulation, the inter-particle potential (5) is only evaluated up to a cer-
tain cut-off distancerc around each particle, because particles that are far apart from
each other interact only weakly. Additionally, cutting offthe potential saves compu-
tational effort. Due to the steep slope of the potential, particles that are very close
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to each other will exert a large repulsive force, while particles further apart will
attract each other. This behavior models real-world atomistic forces (repulsion by
electronic overlap and attraction by dispersion) reasonably well.

3 Adapting Molecular Dynamics to Particle Dynamics

While MD methods are well suited for simulating the behaviorof molecules on the
nanoscopic scale, several adjustments have to be made for the present application
where mesoscopic particles are considered. For instance, the periodic boundary con-
ditions, that are usually assumed in MD, have to be changed toreflective boundary
conditions for the interactions of the particles with the hollow sphere. In this work,
two approaches were followed.

The first approach uses the conservation law of momentum to derive the veloci-
ties of the particleŝvp and the hollow spherêvs after the impact

mp|vp|+ms|vs|= m̂p|v̂p|+ m̂s|v̂s| . (6)

For each time step, the masses and velocities of particles that are reflected by the
hull are accumulated in a substitute particle with corresponding total massmm and
velocityvm. Combining the definition of the coefficient of restitution (COR)

ε =−|v̂p|− |v̂s|
|vp|− |vs|

,

with Eq. (6), the solution for the velocities of the reflectedparticles and the hull after
central inelastic collisions are obtained by

v̂s = vs +
mm

ms+mm
(1+ ε)(vm − vs) (7)

v̂p = vp +
ms

ms+mp
(1+ ε)(vs − vp) .

To account for the shape of the sphere, the resulting velocities of the particles are
subjected to a reflection with the tangential plane at the point of impact. Ifn is the
normal vector of that tangential plane andv̂p the velocity of the particle after the
reflection, the new velocity vectorv̂pr is obtained by rotatinĝvp aroundn by 180◦.
Therefore, the resulting velocity of the skewed collision is

v̂pr = v̂p −2
v̂p ·n
‖n‖2 n ,

with v̂p according to Eq. (7). If the COR is known, this gives an exact computation
of the reflection. However, this discrete mechanical approach disrupts the otherwise
continuous, potential-based nature of MD.

The second approach thus uses an interaction potential between the particles and
for the spheric hull. As particles approach the hull of the sphere, the forces arising



6 Tobias Steinle, Jadran Vrabec and Andrea Walther

from the potential are evaluated. To prevent particles fromexiting the sphere, an
exponential barrier potential was used

Uexp(r) = δ · (exp(r)− r), (8)

whereδ controls the force of the interaction andr is the distance between the parti-
cle and the hull of the sphere. For the collisions between particles, the LJ potential
was used. To avoid attracting forces, the cut-off radius is selected as

rc = 2
1
6 σ .

In this way, the potential is 0 when particles have a distancegreater thanrc where
it would normally be attracting. Also, the force reaches 0 inthat point while stay-
ing continuously differentiable. This homogenizes the overall approach to use only
continuous potentials for all interactions.

The particles that are filled into the hollow sphere are manufactured using a com-
plex process during which they assume different shapes and sizes. Common shapes
include cylinders and spheres as well as particles with rugged edges and hooks. In
MD, the same variation has to be considered, when simulatingdifferent molecule
species. There, molecules are assembled from several spheres in a molecule-fixed
coordinate system. This approach can be used for the particles considered here as
well. Different shapes can be built from elementary spherical shaped parts and the
number of each particle type can be specified as input for the algorithm.

For the initial configuration, instead of the regular lattice often used in MD, the
particles were aligned in a spherical shape using sphericalcoordinates in such a
way that they do not overlap. The particle types were then randomly distributed
throughout the initial configuration. In the simulated experiment, the particles were
dropped first in the simulated sphere and were given time to settle at the sphere bot-
tom. After this preparation, the sphere was dropped towardsthe fundament. Thus,
for the damping behavior, the initial setup was irrelevant.However, using a spheri-
cal configuration, more particles fit inside the sphere in theinitial placement and is
therefore the preferred method of initialization. Fig. 6 shows the initial configura-
tion of 2·104 particles using the visualization tool MegaMol of the VISUSgroup at
the University of Stuttgart [5].

4 Results

To study the damping behavior of the particle-filled spheres, the experimental setup
of the IFAM was modeled in the computer. A sphere was dropped from a cer-
tain heighth0. To measure the damping, the time interval∆ t between the first two
bounces was sampled. The comparison with the bouncing time interval of an empty
sphere gives a good indication of the damping due to the particles. According to
Jehring et al. [6], the resulting COR of the system can then beobtained using the
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Fig. 5 Particle consisting of 8 spheres Fig. 6 Initial configuration with 2·104 particles

equations of the vertical throw. It evaluates as

εr =

√
g

8h0
∆ t2 ,

whereg is the gravitational acceleration. It was aimed at a comparison of this ex-
periment with the present numerical simulations. A single hollow sphere with a
diameter of 3 mm and a mass of 12.518 mg was considered that was dropped onto a
fundament from a height of 1.5 mm. The spherical particles in the hollow sphere had
a uniform diameter of 31µm and a mass of 41 ng. For the reflection of the sphere
on the surface, a barrier potential similarly to Eq. (8) was used. The sphere was
treated as a particle approaching the fundament with the imposed barrier potential
for the interaction and rebound. The cut-off radius was set to 35µm. The numerical
results were obtained on the OCuLUS computer at the Paderborn Center for Paral-
lel Computing (PC2). Table 1 lists the preliminary results that were obtained with a
time step of 1µs. Fig. 7 shows the results for a variety of different time steps. For
too large time steps, such as 5µs, the simulation leads to false results. However, the
choice of the time step size has no significant influence on thedamping behavior as
soon as it is small enough to discretize the particle motionsand a reasonably large
number of particles is used in the experiment.

As can be seen, the number of particles has a large effect on the damping. It is
expected from the physical experiments that as the number ofparticles increases,
reducing∆ t further at first, the damping properties of the filled hollow sphere will
eventually start to deteriorate and approach the behavior of a solid sphere. Quan-
tifying the number of particles when this happens is of greatinterest. However, to
simulate this effect, a different simulation approach has to be taken to cope with the
much larger number of particles needed for a study of that case.
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Fig. 7 Results for the numerical experiment for different time step lengths

5 Future Work

As can be seen in the computation times in Fig. 8, the complexity of the standard
MD algorithm isO(N2), whereN is the number of particles. Therefore, when larger
particle numbers have to be considered, adaptations must bemade to achieve reason-
able computing times. One approach is the linked cell algorithm [4]. This algorithm
retains the basic structure of the MD algorithm, but makes a crucial adaptation in
the force computation algorithm. By dividing the simulation volume into equally
sized cells when computing the forces that act on a certain particle, only particles
in the same cell and in neighboring cells have to be considered. This reduces the
complexity toO(N) [4]. However, the linked cell algorithm works best when the
particles are evenly distributed throughout the simulation volume. In the present

Table 1 Time interval∆t between the first and second bounce on the fundament

Particles ∆t (ms) εr Particles ∆t (ms) εr

50 34.66 0.3134 2500 34.33 0.3104
100 34.66 0.3134 5000 34.02 0.3076
250 34.54 0.3123 7500 32.92 0.2977
500 34.56 0.3125 10000 32.41 0.2930
750 34.52 0.3121 12500 31.97 0.2891

1000 34.62 0.3130 15000 31.62 0.2859
1500 34.46 0.3115 17500 31.35 0.2835
2000 34.35 0.3106 20000 30.76 0.2781
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Fig. 8 Computation times for 400000 steps and dt= 1µs

case, the particles tend to accumulate over time at the bottom of the hollow sphere,
which results in a few cells that are crowded and many cells that do not contain any
particles. To cope with this aggregation, the cells need to adapt to that situation to
retain the efficiency of the algorithm. This will be the subject of future work.

Increasing the particle number will allow to directly compare results from numer-
ical simulation to physical experiments. To simulate the material on a larger scale,
a significant number of filled spheres must be considered. Thesimulation therefore
has to be extended in this respect. The nature of coupling between the different parts
needs to be evaluated carefully as different types of assembly can be manufactured,
e.g. by gluing or soldering. Deformations of the spheres occurring in the material
may have to be considered as well. Natural parallelization by assigning a single
sphere to each process should yield reasonable computing times for the numerical
simulation of this complex material when combined with the linked cell algorithm.

6 Conclusion

Progress on the simulation of particle-filled spheres by adaption of molecular dy-
namics was presented. Preliminary results show the effect of an increasing number
of particles on the damping of a filled hollow sphere. The dramatic effect of the par-
ticles seen in the physical experiment can also be seen in thenumerical simulation.
The complexity of the algorithm has to be improved, e.g., by an adapted linked cell
algorithm, to allow for larger particle numbers. The modeling of friction between
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particles also plays an important role and there are severalapproaches that have to
be evaluated.
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